Over the past few years, GaN based light emitting devices have widely been utilized in lighting, display, and storage applications. Nitride vertical cavity surface emitting lasers (VCSELs) have attracted great attention due to its excellent properties. Lasing actions of GaN VCSELs had been observed by several groups using optical pumping in different forms of VCSEL structures [1] . From these reports, it can be easily found the lasing action of nitride VCSEL usually happens in a region of few micro-meters, which is considerably different from those typical VCSELs. This spot lasing behavior was attributed to a reason that the gain distribution in nitride epi-structure is inhomogeneous. The one of possible reasons to cause inhomogeneous gain is indium clusters in multiple quantum wells (MQWs). These clusters play the role to confine carriers and make the high gain region only in a range of sub-micrometers. Besides, the uniformity of cavity is also a possible cause and recently had begun to be concerned in the high quality micro-cavity structure [2] . However, the lasing condition of non-uniform nitride VCSEL structure should not be only one behavior. In this paper, we report the behavior of multiple lasing spots in a pumping region and further investigate relation between the behavior and the uniformity of nitride-based VCSEL structure.
Introduction
Over the past few years, GaN based light emitting devices have widely been utilized in lighting, display, and storage applications. Nitride vertical cavity surface emitting lasers (VCSELs) have attracted great attention due to its excellent properties. Lasing actions of GaN VCSELs had been observed by several groups using optical pumping in different forms of VCSEL structures [1] . From these reports, it can be easily found the lasing action of nitride VCSEL usually happens in a region of few micro-meters, which is considerably different from those typical VCSELs. This spot lasing behavior was attributed to a reason that the gain distribution in nitride epi-structure is inhomogeneous. The one of possible reasons to cause inhomogeneous gain is indium clusters in multiple quantum wells (MQWs). These clusters play the role to confine carriers and make the high gain region only in a range of sub-micrometers. Besides, the uniformity of cavity is also a possible cause and recently had begun to be concerned in the high quality micro-cavity structure [2] . However, the lasing condition of non-uniform nitride VCSEL structure should not be only one behavior. In this paper, we report the behavior of multiple lasing spots in a pumping region and further investigate relation between the behavior and the uniformity of nitride-based VCSEL structure.
Experiment and Discussion
In this experiment, the nitride VCSEL sample was grown on c-plane sapphire substrate by metal-organic chemical vapor deposition (Emcore D75). The detail of fabrication process was described in ref. [3] . The optical pumping of the sample was performed using a frequency-tripled Nd:YVO 4 355-nm pulsed laser with a pulse width of ~ 0.5 ns at a repetition rate of 1 kHz. The pumping laser beam with a spot size of 60 µm was incident normal to the VCSEL sample surface. The light emission from the VCSEL sample was collected using an imaging optic into a spectrometer/CCD (Jobin-Yvon Triax 320 Spectrometer) with a spectral resolution of ~0.15 nm for spectral output measurement. Figure 1 shows the emission images of the multiple laser spots. Below threshold, the spontaneous emission was uniform in the pumping region. Then, a lasing spot appeared after the pumping energy was increased above threshold. With the pumping energy increasing, the laser kept brightening and the second laser spot appeared at the center of pumping region above the pumping energy of 1.3Eth (Eth is the threshold energy). The third laser spot was found at the pumping energy of 1.4Eth. The emission spectra under four different pumping energies are shown in figure 2. The first lasing emission occurred as the laser spot was observed from the emission image and was centered at 445.2 nm. Then, the second and third laser emission emerged at 446.6 nm and 447.3 nm, respectively. Theoretically, the lasing action tends to happen where the gain becomes positive via carrier injection. That is, the laser spots phenomenon and distribution strongly depend on the gain distribution. Furthermore, the laser peaks with different wavelengths and thresholds directly imply the gain distribution in the VCSEL structure is not uniform. The scattered high gain regions can be realized to be the products of mixing the inhomogeneous active medium and micro-cavity. Figure 3 (b) and (c) shows the wavelength distribution corresponding to figure 3 and the emission spectrum of the dotted circle marked in figure 3 (b) , respectively. The emission wavelength distribution was also non-uniform, and the largest difference of emission wavelength at different areas in the figure was as larger as around 4 nm. The wavelength emitted from as-grown sample is determined by cavity mode. It could be seen from the emission spectrum of the dotted circle marked in figure 3 (b) . The emission was centered at around 440.2 nm with a linewidth of around 7 nm, which is smaller than that of typical blue light emitting diodes (~20 nm). This means the micro-cavity resonant effect has affected the emission spectrum emitted from our sample. The measured reflectivity spectrum shown in figure 3 (c) also shows the same result. These indicate we could understand the cavity uniformity from the wavelength distribution. From the figure 3(a) and 3 (b), we are sure that the cavity and active medium are both inhomogeneous in the epitaxially grown VCSEL structure. Non-uniform cavity modes could be seen from the inhomogeneous emission peak wavelength. Furthermore, the inhomogeneous gain was confirmed from those regions emitting the same wavelength but having the different intensity. The high gain region should only existed at where light emission generated from MQWs matches the cavity mode. In fact, these regions are small and scattered on VCSEL samples as seen from above figures. This explains the formation of spot lasing. With this understanding, it also becomes reasonable the multiple lasing spots happen as the high gain region is close to each other. 
Conclusions
The multiple laser spots behavior of nitride VCSEL was observed and has been investigated. The different lasing threshold and wavelength at the same pumping region implies the gain distribution is inhomogeneous. We have also studied the wavelength and intensity distribution of as-grown sample to realize the factors causing the non-uniform gain distribution. The result shows the cavity mode and MQWs both contribute to the non-uniformity. The scattered high gain region having well-aligned emission peak of MQWs and cavity mode are only a size of few micro-meters. This explains the lasing action of nitride VCSEL is usually in a form of bright spot and scatters within the pumping region. This understanding is very crucial for developing electron-injected nitride VCSEL. Improving uniformity of active medium and cavity shall be the next step toward the realization of nitride VCSELs. 
